Under rocket-relevant conditions, real-gas effects and thermodynamic non-idealities are prominent features of the flow field. Experimental investigations indicate that phase separation can occur depending on the operating conditions and on the involved species in the multicomponent flow. During the past decades, several research groups in the rocket combustion community have addressed this topic. In this contribution we employ a high-fidelity thermodynamic framework comprising real-gas and multicomponent phase separation effects to investigate liquid oxygen-methane and liquid oxygen-hydrogen flames at high pressure. A thorough introduction and discussion on multicomponent phase separation is conducted. The model is validated with experimental data and incorporated in a reacting flow CFD code. Thermodynamic effects are presented using one-dimensional counterflow diffusion flames. Both real-gas and phase separation effects are present and quantified in terms of derived properties. Finally, the method is applied in a three-dimensional large eddy simulation of a single-element reference test case and the results are compared to experimental data.
Introduction
Main stage liquid-propellant rocket engines (LREs) are typically operated at elevated combustion chamber pressures up to 250 bar, which is significantly higher than the critical pressure of the propellants and of most combustion products. In addition to the high pressure, the cryogenic injection temperature of the oxidizer which is usually oxygen is a main characteristic of LREs. Typical injection temperatures are ranging from 80 K to 120 K and oxygen is therefore injected as a compressed liquid. This kind of injection condition is often referred to as "trans-critical" as the oxygen is heated up subsequent to the injection and therefore undergoes a transition from an initially liquid-like (high density) to a gas-like (low density) state. This process features strong real-gas effects which imply that the thermodynamic properties are dependent on both temperature as well as pressure. The result of this dependency is a non-linear behavior of different thermodynamic properties. Additional non-linearities arise from the multicomponent mixtures which are caused by the combustion process.
In the field of experimental investigations Mayer et al. [1, 2] performed pioneering work. They investigated pressure effects on injection and mixing of both reacting and non-reacting jets. For pure fluid injection into itself Mayer et al. [2] demonstrated that at supercritical pressure phase boundaries and heat of vaporization vanish. Therefore, the sharp interface is replaced by a diffuse one with finger-like structures and the fluid features real-gas effects. Identical findings have been reported by Chehroudi [3] and Oschwald et al. [4] . By filling the chamber with a different gas [2] the jet was brought back to a subcritical behavior although the pressure was supercritical with respect to the pure fluids' critical point. As a reacting jet Mayer et al. [2] investigated an oxygen-hydrogen combustion case (LOx/H 2 ). By changing the pressure, they managed to create a sub-and supercritical case where phenomena similar to the inert jets were deduced. The work of Mayer et al. [1, 2] was a first important step for the investigation of flow phenomena and thermodynamic states occurring under rocket-relevant and engine-relevant conditions. Different groups [5, 6, 7, 8, 9, 10] followed their example. They all investigated inert cases and provided mainly visual information on jets under elevated pressure conditions covering both single-as well as multi-phase phenomena. A key message from all these groups concerning the transition between singleand multi-phase phenomena is that the interaction between the injectant and the surrounding is decisive for the onset of the respective phenomena.
Over the past 20 years many groups have focused on the development of numerical tools in order to investigate injection and combustion under rocket-relevant conditions. Almost all apply a thermodynamic closure based on the cubic equation of state and assume a single-phase state. Pioneering work in the field of inert injection has been done by Oefelein and Yang [11] as well as Zong et al. [12] who both applied Large-Eddy simulations (LESs) within their studies. Other groups [13, 14, 15, 16] followed their example and developed similar CFD codes. First outstanding numerical investigations of reacting flows under LRE conditions was done by Oefelein [17] . In his work, Oefelein [17] characterized a supercritical LOx/H 2 flame emanating from a shear-coaxial injector using direct numerical simulation and LES. Another approach to study non-premixed reacting flows at representative operating conditions is the analysis of one-dimensional counterflow diffusion flames. Amongst others, Ribert et al. [18] , Lacaze and Oefelein [19] and Banuti et al. [20] conducted detailed investigations of LOx/H 2 flames: Ribert et al. [18] focused on the dependency of the flame thickness and the heat release on pressure and strain rate in physical space and quantified the influence of Soret and Dufour effects. Lacaze and Oefelein [19] performed a detailed analysis of strain effects, pressure and temperature boundary conditions as well as real-fluid effects on the flame structure in both physical and mixture fraction space to develop a tabulated combustion model. Banuti et al. [20] investigated the transition of the thermodynamic state of LOx from a liquid-like state to a gas-like state to an ideal-gas state and concluded that the real-gas effects are mainly limited to the pure oxygen and thus mixing occurs under ideal gas conditions.
With methane getting more attention as future LRE fuel, similar studies have been performed on one-dimensional LOx/CH 4 counterflow diffusion flames. Kim et al. [21] solve the real-gas flamelet equations in the mixture fraction space to establish a library of the thermo-chemical state incorporating oxygen/methane chemistry and non-ideal thermodynamics. Lapenna et al. [22] analyze unsteady nonpremixed LOx/CH 4 flamelets at supercritical pressures in order to study the effects of pressure and strain on autoignition, re-ignition and quenching. Slightly out of the scope of the LRE conditions, Juanós and Sirignano [23] use steady air/methane as well as air/water-vapor/methane flamelets between 1 and 100 bar to investigate the pressure effects of these propellants and the required modeling.
In accordance to the described experimental investigations some of these numerical groups performed a-posteriori analysis of possible phase separation phenomena [19, 20, 22] . All of them came to the finding that multi-phase effects do not occur and the mixture stays always in a single-phase state. A deficiency of these studies was that these groups applied a rapid estimation method which is known to produce sever deviations [24] in complex mixtures like they occur during the combustion process. Recently, Banuti et al. [25] used a high fidelity method a-posteriori and pointed out that phase separation might be possible under rocket-relevant conditions but further investigations are necessary.
In the present study we conduct a detailed numerical analysis of both LOx/H 2 and LOx/CH 4 at representative conditions taken from two well-known experiments. Deviations from the ideal-gas state due to pressure, temperature and non-ideal mixing are considered. The analysis is based on a cubic equation of state and takes into account real-gas and possible phase-separation effects. After performing fundamental investigations using one-dimensional counterflow diffusion flames, the results of the methane flame are tabulated and applied in a three-dimensional Large-Eddy Simulation. The objective of this study is to investigate possible phase separation inside the flame and to examine its effects on the result. A consistent vapor-liquid equilibrium model [26, 27, 10, 28] will be applied to account for phase separation effects.
Theoretical Background and Models

Thermodynamic Model
At supercritical pressures (p > p c ) and rocket engine-relevant injection temperatures (cold/cryogenic oxygen and moderate fuel temperatures, respectively) the fluid's thermo-physical properties deviate from the well-known ideal-gas law and real-gas effects have to be taken into account to accurately describe the injection and combustion process [3] . In the field of LES under rocket-relevant conditions cubic equations of state (EoS) are commonly used [17, 29, 20, 18, 19, 21, 22, 23] to describe the pvT -behavior of real fluids. The cubic EoS account for the most important interactions, namely the intermolecular attractive forces and the co-volume of the molecules, and can be written in the following general, pressure-explicit form [24] :
In this equation, R is the gas constant, T is the temperature and v = 1/ρ is the specific volume. The intermolecular attractive forces and the co-volume of the molecules are considered through the parameters a = a c α (T ) and b, respectively. The parameters u and w are model constants. In the present study, methane and hydrogen are considered as fuels and oxygen as oxidizer. For these fluids the EoS derived by Soave, Redlich and Kwong [30] (SRK-EoS) is a good choice [18, 23, 21] to describe the trans-critical behavior. To recover the SRK-EoS from Eq.
(1) the model constants have to be set to u = 1 and w = 0, respectively. The calculation of the other parameters is listed in Tab. 1 and can be derived from the corresponding states principle [24] . In Fig. 1 the SRK-EoS is compared to reference data obtained from NIST Refprop [31] . For all three fluids a very good agreement between prediction and reference data at the relevant pressure and temperature range is found. For treating multicomponent mixtures, the concept of the one-fluid mixture in combination with mixing rules [24] is applied:
Here, ξ i is the mole fraction of species i, whereby in the following we denote the overall mole fraction by z = {z 1 , ..., z Nc } and the liquid and vapor mole fractions by x = {x 1 , ..., x Nc } and y = {y 1 , ..., y Nc }, respectively. The diagonal elements of a ij (i = j) are calculated based on the respective critical parameters 
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RTc pc of the pure components, see Tab. 2. In contrast, the off-diagonal elements of a ij (i = j) are estimated using the pseudo-critical combination rules [32] :
In these equations, k ij is the binary interaction parameter, which can be used to fit the cubic EoS to available experimental fluid data. The necessity of this fit will be thoroughly discussed subsequent to the presentation of the complete thermodynamic model applied in this study.
In addition to the thermal EoS, we use the departure function formalism, see, e.g., Poling et al. [24] , to calculate the caloric properties, like enthalpy h and specific heat c p . The reference condition is determined using the seven-coefficient NASA polynomials proposed by Goos et al. [33] . Empirical correlations by Chung et al. [34] are used to estimate the viscosity and the thermal conductivity. The diffusion coefficient is deduced from the thermal conductivity under the assumption of a unity Lewis number [29] . 
Phase Separation in Multicomponent Mixtures
The thermodynamic framework presented in the previous section is usually referred to as "dense gas"-approach. It assumes a single-phase state and takes into account the real-gas effects which are present during the trans-critical injection and combustion process. This has been thoroughly investigated by many groups [17, 18, 29, 19, 21, 20, 22, 23] . Different experimental investigations [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] have shown that depending on the conditions and the components forming the multicomponent mixture, phase separation might occur under rocket-relevant conditions. Over the past 20 years, different numerical research groups from the rocket community [35, 19, 20, 25, 22] have come up with questions regarding possible two-phase phenomena in LREs and the topic is still under discussion and not fully understood yet. Some of these groups [19, 20, 22] used rapid estimation methods to investigate possible phase separation phenomena and came to the finding that no phase separation is likely to occur under rocket-relevant conditions. Recently, Banuti et al. [25] applied a high fidelity thermo-physical model aposteriori on their LES results and found that some of their scatter points lie well within the two-phase region. Therefore, they concluded that two-phase effects might occur under rocket-relevant conditions, but further investigations have to be done. In the present study, we pick up this thread. In the next section, we will give a short introduction into multi-component phase separation and related phenomena. After that, we will discuss the deficiencies of the rapid estimation method. Next, a fully consistent approach which extends the "dense gas"-approach for the phase-separation phenomena will be presented. In the final part of this section we will validate the thermodynamic framework with experimental data taken from the literature for relevant binary mixtures.
Basic Introduction
According to classical thermodynamics [36] a fluid can exist in three different physical states, namely solid, liquid and vapor/gas. During the injection process under typical rocket engine-relevant conditions two different states, liquid (l) and vapor (v), have been reported by experimentalists [1, 2, 3, 4] . The formation of a multi-phase mixture in an isothermal-isobaric system results from the minimization of the Gibbs energy. Hence, a phase separation occurs if and only if the Gibbs energy is lowered due to this process [37] . Under the assumption of a thermodynamic equilibrium the resulting phase equilibrium is characterized by the equality of pressure p, temperature T and chemical potential/specific Gibbs energy g and can be expressed for a two-phase system (liquid and vapor) in the following way [38] :
This fact holds for both a pure fluid as well as a multicomponent mixture. In contrast to this, the characteristics of the critical point of a pure component
are no longer applicable in multicomponent mixtures and hence the critical point (CP) has no longer to be on the top of the two-phase region. In Fig. 2 this fact can be comprehended. Here, the two-phase region of the 14 component Prudhoe Bay mixture [39] is shown. The vapor-liquid equilibrium (VLE) features some characteristics which only occur in multi-component systems. First of all, the two-phase dome does no longer collapse to a single curve (vapor-pressure curve) in the pressure temperature diagram like it is the case for pure components. Furthermore, due to the shape of the VLE two additional characteristic points arise which occur only in multicomponent systems. One is the cricondenbar point at the maximum pressure of the VLE. The other is the cricondentherm point at the maximum temperature. The latter point and the critical point enclose the retrograde region. If this region is entered via the dew-point line with an isothermal change in state, a lowering of the pressure does not result in a full condensation of the gas [40] . After the crossing of the dew-point line the vapor fraction is reduced and liquid is generated until the gray line in Fig. 2 is reached. After this point the vapor fraction increases and liquid begins to vaporize until the dew-point line is crossed again. This behavior is called retrograde condensation [41] . For the Prudhoe Bay mixture one can see that this can also happen at isobaric changes in state in cases where the pressure is above the corresponding critical point. In Figure 3 the principal sketch of a complete binary multicomponent system with a type I critical locus [43] is shown. This critical locus type is the simplest one and it spans from the critical point of the low volatile (LV) component to the critical point of the high volatile (HV) fluid. Underneath this critical locus a liquid-gas equilibrium is formed which is dependent on three parameters, namely pressure p, temperature T and overall composition z. From this principal sketch it gets obvious that the isopleth (VLE at constant overall composition) plotted in Fig. 2 is only a single realization of the complete phase equilibrium. It is therefore mandatory to take into account the complete mixture space to assess possible phase separation phenomena and to have appropriate approaches to predict such equilibria. In the next two parts this will be discussed in more detail.
Discussion of the Rapid Estimation Method
Recently, Lacaze and Oefelein [19] , Banuti et al. [20] and Lapenna et al. [22] investigated hydrogenoxygen and methane-oxygen flames and checked if thermodynamic states in these flames fall underneath the critical locus. All groups [19, 20, 22] came to the finding that the mixture always stays in a CP HV
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Mole fraction x, y, z Pressure p Temperature T Pressure p single-phase state and never undergoes a phase separation process. For their investigations they used a framework comprising the cubic EoS for describing the real-gas effects ("dense gas"-approach) and an approximation method for the a-posteriori calculation of the mixture critical locus which reads:
Here, v c,i , T c,i and p c,i are the critical volume, temperature and pressure of the i-th species, respectively. According to Poling et al. [24] this approach is a rapid estimate (RE) method and more reliable methods, e.g., Heidemann and Khalil [44] (HK), are available in the literature which apply the correct physics. The approach of Heidemann and Khalil [44] is based on a Taylor expansion of the Helmholtz free energy A and the critical point of a mixture is characterized by the following objective functions:
and
In these equations, n is the vector of mole numbers of the appropriate mixture and Q is a square matrix with elements:
C and Q can be directly obtained from the applied cubic EoS. The calculation of the critical locus is therefore consistent with the thermodynamic framework applied in the LES and is no more an estimation approach.
In Fig. 4 the RE method is compared to the HK method for different (non-reacting) binary mixtures. A binary mixture of nitrogen (N 2 ) and methane (CH 4 ) is shown in Fig. 4 a which forms a critical locus of type I similar to the sketch in Fig. 3 . A clear difference can be seen between the two methods in terms of pressure values of the critical locus. As the high fidelity method of Heidemann and Khalil [44] has a very good agreement with experimental data it can be concluded that the RE method underpredicts the critical locus. This fact can be substantiated by comparing more different types of molecules. In Fig. 4 b the critical loci of the binary mixtures of various alkanes of the homologous series (methane C 1 to npentane C 5 ) are shown. A significant underestimation of the RE method becomes obvious up to a factor of more than three for the binary mixture of methane and n-pentane. The RE method shows almost no superelevation with respect to the pressure values of the critical locus and hence the component with the highest critical pressure determines the maximum of the critical locus. This fact gets even worse if mixtures are investigated which do not form a type I critical locus. In Fig. 4 c a binary mixture of nitrogen (N 2 ) and n-hexane (C 6 H 14 ) is plotted. This mixture has a critical locus of type III [43] which is characterized by very large pressure values for the liquid gas equilibrium and a not complete miscibility of the two components [45] . Therefore, in type III mixtures a second liquid phase can appear and lead to a liquid-liquid-gas (LLG) equilibrium which is illustrated in Fig. 5 by a principal sketch. In addition, the extension of the state space with phase separation phenomena is drastically enlarged compared to the type I mixture, compare Fig. 3 . In Fig. 4 c, the LG branch of the critical locus emerging from the high volatile component (C 6 H 14 ) is plotted and compared to experimental data from the literature [46] . The high fidelity approach gives an excellent prediction up to a pressure of approximately 400 bar. The RE method completely fails in predicting the critical locus. We therefore conclude that it is highly important to use a thermodynamically consistent approach rather than a RE method to predict phase equilibria in multicomponent mixtures. Similar findings have been reported by Banuti et al. [25] .
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Thermodynamically Consistent Approach
In order to take multicomponent phase separation into account during the simulation, it would be possible to tabulate the VLE region a-priori. This, however, is not really practical especially when the model is applied to mixtures that have more than two components which is the case in combustion. Hence, we recently implemented and validated a vapor liquid equilibrium (VLE) model, see Traxinger et al. [10, 28] , which checks the stability of the single phase mixture and performs a phase separation in the case of an unstable mixture. The model was inspired by the work of Qiu and Reitz [26] and was also applied successfully by an other group [27] . To check the stability of the single-phase mixture the tangent plane distance (TPD) method of Michelsen [51] is used which reads:
Here, w = {w 1 , ..., w Nc } is a trial phase composition and ϕ i is the fugacity coefficient of component i which can be directly obtained from any cubic equation of state, for more details see, e.g., Michelsen and Mollerup [37] or Firoozabadi [38] . In the case of T P D being smaller than zero for any w, the mixture is considered unstable, a phase separation is performed and a flash is solved yielding the appropriate phase compositions. The concept of the TPD method is visualized in Fig. 6 , where a stable (left) and an unstable (right) mixture is shown. In the unstable case the tangent aligned to the Gibbs-Energy surface (here: the surface reduces to a single curve) at the corresponding feed composition intersects the curve of the Gibbs-Energy. The corresponding phase equilibrium at the appropriate pressure and temperature is illustrated by the gray dots and the gray line in Fig. 6 right. In the present study, we consider a maximum of two phases. An instantaneous separation process is assumed and therefore possible non-equilibrium effects like they occur for instance in steam turbines [52] are neglected. Furthermore, only multicomponent phase separation is investigated as the injection pressure is usually well above the critical pressure of the pure components (fuel and oxidizer) and we do not expect any strong expansion effects in the region where only a pure fluid is present. Similar to pure fluids, it is important to keep in mind that the fluid properties can be subject to large changes after the VLE is entered. For mass/mole specific properties the respective vapor and liquid properties are weighted with the appropriate vapor fraction β to arrive at the representative two-phase value. In terms of the density this reads:
As a result of this weighting approach, the change of these kind of properties is continuous throughout the VLE. For the sake of simplicity, we will apply the same approach in this study for the transport properties [53] . For derived properties like the compressibility ψ and the speed of sound a s it is important to use a fully consistent calculation to avoid solver instabilities. Weighting the vapor and liquid properties can lead to severe deviations from the consistently calculated properties [54] . A commonly applied weighting approach for the calculation of the speed of sound is the correlation proposed by Wood [55] . This correlation is able to reproduce the basic tendencies inside the two-phase region, but is not suitable to predict the sudden drop occurring after the crossing of the dew-and bubble-point line and hence the correct absolute values, see Fig. 7 . We therefore recently extended our thermodynamic framework such, that it is able to consistently predict the speed of sound and the compressibility inside the VLE. For more details, the complete derivation as well as a thorough validation the interested reader is referred to Traxinger et al. [28] . 
Thermodynamic consistent Wood's correlation Figure 7 : Comparison of the consistently calculated speed of sound as and the speed of sound correlation of Wood [55] at four different pressure levels (compare Fig. 2 ) for the 14 component Prudhoe Bay mixture [39] . The Peng-Robinson EoS [42] was applied for this calculation.
Validation with Experimental Data
In Fig. 4 we already have shown some first comparison between predicted and experimentally determined critical loci for type I and type III mixtures. The overall conclusion was that the SRK-EoS in combination with the high fidelity method of Heidemann and Khalil [44] is able to give good predictions of the critical locus of different types of mixtures over a wide pressure range. To check the prediction quality of the SRK-EoS in the mixture space and at more relevant conditions, additional experimental data available in the literature has been used. In the Figs. 8 a and b isothermal VLEs for the binary mixture of the two different fuels (methane and hydrogen) with nitrogen are shown. For both mixtures, the binary interaction parameter k ij has been set to zero and the SRK-EoS gives good results in the relevant pressure range (p < 80 bar). The third binary mixture we are using for our validation is oxygen -water. This mixture occurs in the core of the flame where the cryogenic oxygen mixes with the combustion products. Water is a main combustion product and has a very high critical point (T c = 647.1 K and p c = 217.7 bar) as well as strong hydrogen bondings. Due the strongly associating character of water cubic EoS are usually not the optimal choice for a good prediction [60] . However, the cubic EoS are state of the art in the rocket community due to their relative good accuracy for many fluids and mixtures and of course due to their efficiency. In Fig. 8 c predicted and experimental data are compared for four different isopleths and the critical locus up to 3000 bar. The solid lines correspond to k ij = 0 and the dash-dotted lines to k ij = 0.3. The water-oxygen mixture forms a critical locus of type III. The comparison of the different binary interaction coefficients shows that a perfect fit of the experimental data by changing k ij is not feasible. Using k ij = 0 the critical locus can be predicted very good. By applying k ij = 0.3 the prediction of the isopleths gets far better but the calculated critical locus shows large deviations from the experimental data. Furthermore, it has to be noticed that all the experimental data available in the literature [59] is for very large pressures (p > 220 bar). The operating conditions for our present investigations are however below 80 bar. We therefore decided to perform a sensitivity analyses for the binary interaction coefficient of water-oxygen within the flamelet calculation to see its influence on the result. Four different binary interaction coefficients (k ij = [0.0, 0.1, 0.2, 0.3]) have been used for this analysis and no significant change in the results has been found. Therefore, we decided to use k ij = 0.3 as binary interaction coefficient between water and oxygen as it fits the curve for z H2O = 0.08 in Fig. 8 c very good and phase separation can only be expected at moderate temperature and hence low water mole fractions.
Real-Gas Flamelet Model
Assuming that the chemical time scales are smaller than the turbulent time scales, a turbulent nonpremixed flame can be represented by a brush of laminar counterflow diffusion flames. In an axisymmetric configuration, the governing equations reduce to an one-dimensional problem that can be solved in mixture fraction space f by employing a coordinate transformation. Under the assumption of a unitary Lewis-number for all species (Le i =Le=1), the so-called flamelet equations read [61, 21] :
Here, χ denotes the scalar dissipation rate, which acts as an inverse diffusion time being an external parameter. Y i andω i are the mass fraction and chemical source term of species i, respectively. The equations are closed using the thermodynamics model presented above and a suitable reaction mechanism for the respective propellant combination, see Sec. 2.2.4. The flamelet equations are solved for a range of scalar dissipation rates up to extinction. The gas composition is assumed to be independent of pressure, while for all other thermodynamic properties pressure effects are considered [62] . Favre presumed probability density functions (PDF) are employed to calculate the filtered values of the laminar database. Under the assumption of statistical independence of the control variables, a β-PDF is used to approximate the PDF of the mixture fraction and Dirac functions are employed for the PDFs of scalar dissipation rate and pressure. Consequently, the thermo-chemical library is characterized by four control parameters (f , f 2 , χ, p), which need to be provided by the LES. In order to retrieve the local species composition in the LES, an additional transport equation is solved for the filtered mixture fraction
A transport equation for its variance is solved to model the unresolved fluctuations of the mixture fraction, cf. Kemenov et al. [63] :
The SGS viscosity µ sgs is evaluated using the model of Vreman [64] with the original constant c v = 0.07.
The scalar dissipation rate χ is decomposed into resolved and SGS contributions [65] as 2ρχ = 2μ Sc
where ∆ is the local filter size and the model constant is set to C χ = 2 according to Kemenov et al. [63] . In Eqs. (18) and (19) , the gradient diffusion hypothesis is used to describe the turbulent scalar flux. In particular, the molecular (Sc) and turbulent (Sc t ) Schmidt numbers are introduced to connect the diffusion coefficients to the viscosity with the required constants being Sc = Sc t = 0.7 in all simulations. Localized artificial dissipation µ * based on Cook and Cabot [66] 
is added to the effective viscosity in Eqs. (18) and (19) in regions of high density gradients to avoid spurious oscillations as µ = µ m + µ * . Here, µ m is the molecular viscosity evaluated according to the empirical model of Chung et al. [67] . C ad is a user-specified constant which has been set to 0.04, a s is the speed of sound and ∆ denotes the local filter width. The sensor, namely the local gradient of the compressibility factor (Z = pv/RT ), ensures that the effect of the artificial dissipation is limited to the narrow region of strong density gradients due to real-gas thermodynamics.
Chemical Kinetics
The solution of the flamelet equations requires a chemical reaction mechanism to determine the species source terms. Here, the mechanism of O'Connaire et al. [68] is used for the LOx/H 2 flame. The mechanism contains nine species and 19 reactions and has been used for the analysis of high-pressure hydrogen flames by Lacaze and Oefelein [19] . In the case of LOx/CH 4 combustion the GRI-3.0 [69] mechanism involving 53 species and 325 reactions is employed, which has also been used by Kim et al. [21] for similar operating conditions.
Solver
The open-source software toolbox OpenFOAM has been extended by the required combustion and thermodynamic models and is employed for all simulations. The unstructured finite-volume code is pressure-based and uses a PISO algorithm to solve the governing equations. In order to consistently incorporate real-gas thermodynamics, the algorithm is modified according to Jarczyk and Pfitzner [70] . Second-order accurate central differences are used for spatial discretization and time integration is performed using a first-order implicit Euler scheme. Within the LES, a TVD limiter is additionally employed to the convective term. The basic computational framework has been previously used to simulate flows under rocket-like and engine-relevant conditions. [71, 28, 62] 
Results and Discussion
The present study consists of two steps: First, one-dimensional counterflow diffusion flames of both propellant combinations are investigated in Sec. 3.3.1. Second, the results of the methane flame are tabulated and employed to perform a LES of a well-known reference experiment described in Sec. 3.3.2. The presentation and discussion of the LES results will be carried out in Sec. 3.3.3.
Counterflow Diffusion Flames
General Discussion
The reference conditions for the counterflow diffusion flames are taken from two well-known experiments. One is the experiment of Singla et al. [72] at the Mascotte test bench where methane is used as fuel. The other one is a model combustor named BKH [73, 74] operated at DLR Lampoldshausen which is fired with hydrogen. Both combustors are operated under rocket-relevant conditions. This implies that the pressure is supercritical with respect to the propellants' critical point and that the oxidizer is injected at a liquid-like (high density) state, hence cryogenic temperatures. An overview of the actual operating conditions is given in Tab. 3. For both nominal operating conditions laminar flamelet calculations have been performed with a scalar dissipation rate χ = 1. In Fig. 9 a the temperature profiles of the two flames are plotted over the mixture fraction f . The maximum temperature is similar for both flames with different stoichiometric mixture fractions f st,LOx/H 2 = 0.055 and f st,LOx/CH 4 = 0.2, respectively. Consequently, the temperature gradient towards the oxidizer side of the hydrogen flamelet is steeper than the one of the methane flamelet. At the fuel-rich side, the temperature profiles have a similar shape but different absolute values at respective positions in the mixture fraction space. This results from the different stoichiometric mixture fractions and therefore the methane flame features larger temperatures at f > 0. shows the profiles of the density ρ and the compressibility factor Z of the two counterflow diffusion flames. Especially for f < 0.01 (at the oxdizer-rich side) significant changes for both properties can be seen and the compressibility factor is unequal to unity. Therefore, the thermodynamic states deviate from the ideal gas assumption (Z = 1) and real-gas effects are present. This can also be seen in the density profile which shows a strong decline over a small band in the mixture fraction space. In addition, the injection density in the LOx/CH 4 case is approximately 30% higher compared to the LOx/H 2 case. This is the result of the different injection temperatures of oxygen which differ by 42 K between both flames, see Tab. 3. At the fuel-rich side real-gas effects (Z = 1) are also present. At the respective injection conditions methane has a compressibility factor of approximately 0.9 and hydrogen of 1.04. Due to the steady temperature increase for 1 > f > f st the real-gas feature gets lost gradually and therefore Z approximates unity over a wide part of the mixture fraction space. Most of the mixing and combustion takes therefore place under ideal-gas conditions. Summarizing, both sides of the flamelets show real-gas effects whereby the strongest deviation from the ideal gas assumption occurs at the oxidizerrich side at f < 0.01. Similar findings have been reported by other groups [18, 19, 20, 22] . Figure 10 shows the detailed analysis of the methane flame regarding phase separation. At both sides of the flamelet the stability analysis yields a negative tangent plane distance (T P D < 0), see Fig. 10 a, and therefore a phase separation was performed during the flamelet-calculation. The instability of the single-phase mixture can be attributed to moderate temperatures and the presence of water in these two regions, see Fig. 10 b. On both sides the presence of H 2 O is caused by diffusion as the reaction rate of water is almost zero in these regions. In Fig. 10 c a detailed a two-phase mixture whereby the color corresponds to the vapor mole fraction β. As H 2 O is the high volatile component in the mixture of the combustion products, see Fig. 8 c, and only a small amount of it is present in the mixture, see Fig. 10 b, β is close to unity and ranges between 97% and 100%. Only three distinct points at the oxidizer side are stable within the mixture fraction space, namely f = 0 (pure oxygen, not shown in Fig. 10 c) , f = 1 · 10 −4 and f = 2 · 10 −4 . All other points are unstable up to f ≈ 1 · 10 −2 . Following the colored dots from left to right a continuous variation of β can be seen although the composition of the mixture varies due to diffusion and production. At f = 3 · 10 −4 the dew-point line is crossed. Afterwards, the vapor mole fraction is reducing steadily until the minimum of approximately 0.97 is reached at f ≈ 8 · 10 −3 . After the minimum is passed, β rises and the dew-point line is crossed again at f ≈ 1 · 10 −2 . This observation is very similar to the retrograde condensation discussed and illustrated in Fig. 2 for a fixed multicomponent mixture but here the retrograde character can be attributed to both the overall change in state as well as the characteristic of the multicomponent mixture. A similar behavior regarding the vapor fraction and the corresponding two-phase phenomena was reported by Traxinger et al. [10] for a generic n-hexane nitrogen mixture at supercritical pressure. On the fuel-rich side a very similar pattern occurs but here the vapor mole fraction drops only to a minimum of about 0.998 at f ≈ 0.99, see Fig. 10 d.
Phase Separation
In both detailed views (Figs. 10 c and d ) the real-gas reference case (thermodynamic closure: "densegas" approach) is plotted as dashed line. The maximum difference in temperature occurs at the oxidizerrich side and is approximately 40 K corresponding to a relative deviation of ≈14%. For comparison, the maximum difference at the fuel-rich side is almost zero. Due to the consideration of the phase separation and hence the condensation of the fluid, the temperature of the two-phase case is larger, see and d. Qiu and Reitz [26] as well as Matheis and Hickel [27] reported an identical behavior. The entrainment into the vapor liquid equilibrium region has also an effect onto other thermodynamic properties. In Fig. 11 the real-gas and the two-phase solution are compared to each other for f < 0.01, where the largest deviations between both thermodynamic closures occur. For the density ρ almost no deviation is found. For derived properties like the compressibility and the speed of sound things are different. As soon as the bubble-or dew-point line is crossed, these properties can be subject to large changes as the fluid is not homogeneous anymore, compare Fig. 7 . In Fig. 11 the insenthalpic compressibility ψ h and the speed of sound a s of the real-gas and the two-phase flamelets are compared to each other. Both calculations show a similar shape for the respective properties. In the two-phase case, the speed of sound shows a drop at the points where the dew-point line is crossed. At the same position the compressibility has a slight discontinuity. Compared to the Prudhoe Bay mixture (see Fig. 7 ) and our previous investigation [28] the drop in speed of sound is minor and almost negligible for the methane flame. The direct comparison of the real-gas and the two-phase solution however shows deviations up to 20%. This difference can mainly be attributed to the shift of the maximum in ψ h and the minimum in a s towards smaller mixture fractions in the two-phase solution. The main reason is the slightly higher temperature in the two-phase flamelet which is caused by the condensation of a small portion of gas indicated by β-values smaller than unity. Concluding, the consideration of the phase equilibrium leads to higher temperatures in the region with phase separation and therefore to the shift in the characteristic values which can be attributed to the pseudo-boiling process [4] in the real-gas case. Therefore, the solver stability is not significantly enhanced by considering the phase separation process as it was found for inert injection cases [10, 28, 27] . The only phenomenon, which might have a significant effect on the solver stability is the contribution of the surface tension inside the momentum equation. This effect is neglected within this study.
In Figs. 12 and 13 the phase separation effects occurring in the hydrogen counterflow diffusion flame are presented. The solution of the hydrogen flamelet leads to similar findings as the thoroughly discussed methane flamelet. Instable single-phase solutions occur at both sides of the mixture fraction space and have similar effects on the solution and the derived thermodynamic properties. Due to the significant temperature differences at already small mixture fractions, the deviation in the calculated density ranges up to almost 40%. This is a huge difference compared to the methane flamelet. The conclusions regarding the shape and the shift discussed for the LOx/CH 4 case remain the same. 
Test Case and Numerical Setup
For the evaluation of the role of real-gas and two-phase phenomena under rocket-like conditions, the experiment of Singla et al. [72] conducted at the Mascotte test bench is chosen as a reference. This test case has been previously used as validation case for numerical simulations, see, e.g., Schmitt et al. [29] , Kim et al. [21] or Cutrone et al. [75] . At an operating pressure of 56.1 bar, oxygen is injected in a liquidlike state at 85 K and the injection temperature of methane is 288 K, see Tab. 3. The combustion chamber is a 50 mm × 50 mm square duct with a length of 400 mm and a convergent-divergent nozzle. Being a single-element test case, the propellants are supplied by one coaxial injection element with 3.4 mm LOx pipe diameter, a CH 4 annulus height of 2.2 mm and a posttip width of 0.6 mm. As windows allow for optical access, Singla et al. [72] measured spontaneous emission of OH * and CH * . Besides the line-of-sight integrated results they employed an Abel transformation to obtain slices through the flame which can be additionally used for the comparison with the LES results. The computational domain (see Fig. 14 truncated after 150 mm, which is sufficient to accommodate the flame and to avoid interactions with the outlet boundary. All walls are considered as adiabatic no-slip boundary conditions. Realistic turbulent inflow boundary conditions for LOx and CH 4 jets are generated using separate incompressible LES at corresponding operating conditions with cyclic boundaries in axial direction. The turbulent velocity field of those precursor LES is extracted and interpolated in space and time onto the grid of the actual simulation. The reference grid consists of 16 · 10 6 cells with a minimum resolution at the injector of 0.2 mm in axial and 0.025 mm in radial direction. Figure 14 schematically shows the domain and the qualitative mesh resolution with reduced grid density. Figure 15 shows various instantaneous fields of the LOx/CH 4 flame using a central cut through the flame to provide a qualitative impression of the flame shape. The instantaneous temperature field, see Fig. 15 a, indicates that a thin diffusion flame emanates from the injector which is anchored at the posttip. As the flame is submitted to a high level of strain due to the strong velocity gradient between oxidizer and fuel stream, the surface is affected by small turbulent structures. The instabilities increase further downstream and lead to larger turbulent structures and a strongly wrinkled flame. Chemical conversion leads to a radial expansion and it can be seen that the region of highest temperature ends at x ≈ 60 mm, where the oxidizer is fully consumed. The white line in Fig. 15 a indicates the mixture fraction f = 2 · 10 −4 and encloses therefore the region of (almost) pure oxygen. In Fig. 15 b the instantaneous density field is shown. Disintegration of the stable cold oxygen core starts at x ≈ 40 mm, where pockets of high-density fluid detach from the core and are transported downstream. There, they react with the surrounding fuel leading to the region of strongest chemical reactions. The white line in As elaborated by Schmitt et al. [29] using their LES data, the characteristic flame shape results from the interaction between flow and chamber wall. Besides the typical recirculation zones of single-element combustors between fuel jet and wall, a second large recirculation zone exists in the middle of the chamber between x ≈ 60 mm and x ≈ 120 mm, i.e., downstream of the main reaction region. As the hot gases are radially accelerated, they interact with the wall and are consequently redirected towards the center of the combustion chamber. Here, the combustion products flow towards the reaction zone and thereby increase the expansion of the flame, finally forming a stable condition. In order to emphasis the real-gas character of the investigated flame, Fig. 15 c shows the compressibility factor Z. The scale is truncated at unity and the region of real-gas behavior is highlighted by the white iso-line drawn for Z = 0.99. As already discussed based on Fig. 10 , both the oxidizer as well as the fuel feature real-gas effects whereby the strongest deviation from the ideal gas state are present on the oxygen side. Figure 15 d shows the instantaneous vapor fraction field β superimposed onto the mixture fraction f which is used to indicate the general flame structure and shape. In accordance to Fig. 10 β ranges between 97% and 100%. The largest region with phase separation is present within the LOx-core where combustion products and especially water mixes with the pure oxygen. Only for pure oxygen no phase instability was found as the injection and combustion is almost isobaric and therefore supercritical with respect to the critical point of oxygen. Minor areas of phase separation are also present around the pure fuel. In plotted other the H 2 O mass fraction colored by vapor fraction β. The scatter data forms a kind of ribbon and the intersection separates the area of phase separation (left of the intersection) from the area of a stable single-phase mixture. A very similar shape results for the scattering of the compressibility factor Z, see Fig. 16 b. In this plot the determination of the phase separation region for Z ≈ 1 can be retraced in detail which is especially true for the oxidizer-rich side.
LES Results
General Flame Features
Phase-Separation Effects
Comparison with the Experiment
Experimental data is available from Singla et al. [72] in terms of Abel-transformed and line-of-sight integrated time-averaged OH * emission images. In order to evaluate the numerical results we use the model of Fiala and Sattelmayer [76] to extract the OH * emission from the simulation. Figure 17 compares the line-of-sight integrated OH * radiation with the computational results. The characteristic flame shape discussed above is also visible in the experiments, where a constant spreading angle is observed in the front part of the flame. Further downstream, expansion due to chemical conversion takes places and subsequently, an abrupt end of the reaction zone can be seen. The LES results properly reflect this behavior. However, Singla et al. [72] did not publish the exact dimensions of the experimental field of view such that a more detailed validation is not possible. Nevertheless, the proportions of the flame in the LES in therms of shape and length indicate good agreement with the experiment.
Conclusions
A thermodynamic framework based on a cubic equation of state has been presented. The model takes into account both real-gas effects as well as multicomponent phase separation. The stability of the single-phase mixtures is evaluated based on the Gibbs free energy. If an unstable mixture is detected, a phase separation is computed using a flash algorithm yielding the appropriate phase composition and consistently calculated thermodynamic properties. The method has been applied to LOx/CH 4 and LOx/H 2 counterflow diffusion flames. Pressure and propellant inlet temperatures have been set according to well-known experiments featuring upper stage relevant conditions.
General real-gas effects of the one-dimensional flames have been discussed for both propellant combinations. The phase separation analysis showed unstable mixtures on both the oxidizer and fuel side of the flamelets at moderate temperatures below T 400 K. Stronger effects are observed at the oxidizer side indicated by a minimum vapor mass fraction of approximately 0.97 compared to 0.998 at the fuel side in the case of LOx/CH 4 . Similar results have been found for LOx/H 2 .
By comparing the reference solution without phase separation to the result incorporating condensation effects, the following findings have been obtained: The difference between thermodynamic properties of the dense-gas and the multi-phase solution ranges up to almost 40%. However, the general profiles of the properties in mixture fraction space are not significantly affected by the phase separation process and therefore the deviations are mostly caused by a shift to lower mixture fraction values. The shift occurs due to the higher temperatures in the two-phase solution. These higher temperatures result from the gas condensation and the maximum difference is approximately 40 K.
The results of the one-dimensional LOx/CH 4 flames have been tabulated and used for the LargeEddy Simulation of a single-element test case. The spatial extent of the phase separation phenomena is mostly restricted to a region around the LOx core. This region is enclosed by the iso-line of almost pure oxygen and the transition to an ideal gas state. Line-of-sight integrated OH * emission images indicate that both flame length and shape are in good agreement with the experimental results. As expected from the one-dimensional analysis, the consideration of phase separation has no significant effect on the results.
